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ABSTRACT

A Literature search, funded by the Department of the Environment, was made
which revl.ewed the avallabl.e Literature concernlng the structural and
hydrologlcal characteristlcs of different types of permeable pavement.

New cornmerclal, industr{al or residentlal developments ln a catchment have
the eff,ect of j.ncreasing the volume and rate of storm run-off and can
overload the existlng sewerage system. Provlslon of, new interceptor Eewers
and extra treatment capaclty ls very costly. A deveLoper may therefore be
requlred to restrict the rate of run-off entering an exlstlng public Eewer
from the new site. Ttrle can be achieved by the use of detention t,ankE
within the site but these can again be eostl.y and may occupy valuable land.

A potentialLy better solution is the use of permeable pavenents for large
areas such as car parks; the volume of run-off ls reduced and the peak flows
are delayed and attenuated. Another advantage of thlg type of system is
that it can funprove water quality by filtering pollutant particLes in the
run-off.

If the use of permeable pavements increages due to thelr economl.c
advantages, it will be necesEaty to take account of the changed run-off
characteristlcs when designing or simulatlng the performance of storm
sewerage systems.
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1. INTRODUCTION

2, BACKGROT'ND

New conrnercial, industrial or residential developments

in a catchment have the effect of increasing the

volume and rate of storm run-off and can overload the

existing serilerage system. Provision of new

interceptor serrers and extra treatment capacity is

very costly. A developer may therefore be required to

restrict the rate of run-off entering an existing

public sewer from the new site. This can be achieved

by the use of detention tanks within the site but

these can again be costly and may occupy valuable

land. A potentially better solution is the use of

permeable pavements for large areas such as car parks;

the volune of run-off is reduced and the peak flows

are delayed and attenuated. Another advantage of this

type of system is that it can improve water quality by

fi.ltering pollutant particles in the run-off.

If the use of permeable pavements increases due to

their economic advantages, it will be necessary to

take account of the changed run-off characteristics

when designing or simulating the performance of storm

sewerage systems.

A research proposal on the Scope for Control of Urban

Runoff was developed by the Construction Industry

Research and Information Association (CIRIA) in 1987

in conjunction with its members in order to prornote,

where appropriate, increased control of urban runoff.

The resulting study carried out in 1989 (3)

acknowledged that there was an appropriate level of

control of runoff within the catchment, whether within

the curtj.lage of the individual property, the



development site, the urban sub-catchnent or the

overall river catchrnent.

Exist ing pract ice, procedure and legislat ion in

England and Wales for urban runoff control and

management was reviewed. The study also reported on

findings and recommendations for drainage, sewerage

and catchment flood control.

The study concluded in its guidelines that porous

pavements could provide a valuable addition to the

available methods for control of run-off and it

reeorrnended that further research be carried out into

their long term performance.

3. SCOPE OF REPORT

This report is intended to review the available

literature concerning permeable pavements, identify

the types of permeable pavement used in the

construction industry and analyse the existing data

about their hydraulic characteristics. It is not

proposed to investi.gate pervious surfacings laid on

top of impermeable asphalt bases, such as used in road

construction as a means of reducing splash and spray.

4, DESCRIPTION OF A

PERI'IEABIE PAVEMENT

Diniz (8) described a permeable or porous pavement as

composed of four layers:

a) minimally compacted sub-base consisting of

undj-sturbed existing soil or, in the case of

unsuitable base soils, an funported and prepared

base course. Auxiliary drainage structures may

also be required.



b) reservoir  base course consist ing of 25.4nrn to

50.8nun diameter crushed stone aggregate. Ttre

thickness of this layer is determined from runoff

storage needs and frost depth considerations.

c) 50.8nrn of L2.7mm crushed stone aggregate to

stabilize the reservoir base course surface.

d) Porous asphalt concrete surface course whose

thickness is based on bearing strength and

pavement design reguirements.

A typical section is shown in Figure 1.

Developments and modifications of the concept of the

permeable pavement tend to be built round the above

structure; with either modifications to the material

forming the surface course; inclusion of geotextile

between the surface course and the stabilizing layer;

inclusion of a geotextile or impermeable membrane

between the reservoir base course and the sub-base or

the addition of supplementary drainage structures to

the sub-base.

5. WPES OF PERMEABLE

PAVEMENT

The literature search has revealed four main types of

surface associated with permeable pavements:

a. Conerete grid paving

Concrete grid or lattice block paving is formed from

either reinforced precast concrete units,

hydraulically pressed precast concrete units or

concrete cast in situ around formers with the concrete

being reinforced with steel mesh.



Grasscret" @), Grasscel @, and Grassgrid@are

examtrlles of some of the concrete porous pavement

blocks manufactured in the British Isles, see Appendix

1 .

Day et aI (6) give a brief historical resume of

concrete grid pavements before describing the three

types of grid marketed in the United States of

America, see Figure 2. These are categorized as

lattice pavers, castellated pavers and poured-in-p1ace

pavers where

'rlattiee pavers have a flat grid-like configuration.

Castel lated pavers are character ized by raised

batt,lements or sections above the major portion of the

olposed upper surface. Both lat,tice and castellated

pavers are moulded in a fashion similar to concrete

blocks and range in surface area ftom 2 to 4 square

feet. With poured-in-place pavements, the concrete is

poured over plastic forms containing steel reinforcing

b a r s t t .

In the latter ease the form is removed by burning

afLer the concrete has set and the voids fil led with

topsoi l  and grass seed.

Pratt and Mantle (32) describe a porous block pavement

experimental site on the Clifton c:rmpus of Trent

Polytechnic.

I'The pavement is surfaced with concrete block paving,

. . . ,  such that rainwater may inf i l t rate the surface

into the sub-base. The paving blocks have a pattern

of holes from the surface to the bedding layer and a

pattern of raised discs between the holes on the

surfaee to carry vehiele tyre loadings. The holes are

gravel- fil led, and the raised discs prevent the

gravel and any accumulation of silts being compacted,

so limiting the infiltration of stormwater. The use



of the permeable block paving over the entire parking

surface eliminates the requirement for traditional

grading of the surface toward gully inlets", see

F igure  3 .

In descr ibing the role of Grasscret" @, "
cast-in-situ form of pavement, Walker (52) states

that

rrthe porous paving was originally designed as an

attractive load bearing surface for car parks, access

road and embankments having the general appearance of

grass and the load bearing and anti-erosion

character ist ics of reinforced concreterr.

and went on to add that the

ilsystem offers significant benefits in reducing runoff

from car parks, contributing to subterranean water

table re-charge, reducing the rate of evaporation of

ground lrater in hot climates and offers advantages

over solid concrete surfaces for flood alleviation and

Iand drainage channels in difficult soil conditions".

b. Porous asphalt

The majority of permeable pavements described in

references accessed during the literature search have

been constructed from porous asphalt.

Diniz (7) described most porous pavements as being

rrconstructed as a layer of open graded asphalt

concrete underlain by a gravel base course with an

appreciable storage capacity. The whole system may be

isolated from the natural ground by an imperneable

membrane such as a polyethylene liner, in which case

some t5pe of artificial drain would be needed. Or the



porous pavement system may be allowed to drain into

the natural ground at all points of contact. The

latter does not preclude the use of artificial drains,

as in the case of highly impervious natural groundrf.

Diniz also noted that

I'Porous pavements provide design storage so that they

may be used to reduce run-off to pre-urbanization

levels, but, more importantly, they ean be used to

capture the initial run-off or rfirst flushrr volume

which most studies indicate to be the most degraded in

terms of pollutant concentrations. the high pollutant

concentrations in the initial run-off are reduced by

dilution with subsequent flows which are less

po1 lu ted" .

Similarly relating to the drainage of the pavement,

Field et al  (10) stated that

rrWater can be stored in the crushed stone base until

it can percolate into the sub-base or drain

la te ra l l y r r .

Referring to the surface characteristics, The1en et al

(46) corunented that

rrThe recorunended surface thickness to provide

permeability, strength, flow and durability is 4

inches, with the reservoir capacity of the surface and

base courses being based on 15% and 30% air voids

respect ively".

Adaptations of the principle of the porous asphalt

surface are described by Hogland et al (19) and

Niemczynowicz et al (30) as the unit superstructure

which



rrconsists of a pervious surface, open aggregate and a

geotextile in which rain and surface water are

distributed by means of infiltration to the underlying

so i l r r ,  see  F igure  4 .

Ichikawa and Harada (22) refer to the pavement as

drainage infiltration strata which is

I'an artificial soil structure composed of a permeable

pavement, a gravel layer, a sand layer and a drainage

pipe with an impermeable membrane. The surfaee of the

infiltration strata is covered by an artificial

tu r f r r .

whereas Minigawa (28) and Wada et al  (50, 51) refer to

the structure as a storm water infiltration system

"composed of permeable pavements, permeable connection

boxes, permeable underground pipes and permeable rUl

shaped trenches",  see Figure 5.

with Rainbault (38) including

"gulleys with longitudinal drains, sand traps,

longitudinal and transverse trenches".

as reservoir structures in association with the porous

pavement,.

c. Concrete block or Set paving

Block or set paved surfaces consist of shaped concrete

blocks, granite sets,  f lagstones or br icks laid on a

bed of sand over a sub-base of aggregate, see

Figure 6.

Concrete block paving is generally considered to be

virtually impermeable and made up of high quality



concrete blocks on a laying course of screeded sand.

Clark (4), however, showed concrete block pavements to

be initially permeable although he went on to add that

the

'tblock paving eventually becomes sealed with materials

such as detr i tus, oi l  and rubber 'r .

van de Ven and Zuidena (48), reported on the

infiltration associated with the laying of bricks over

a sandy base, and Leenders (26) investigated the

infiltration characteristics of recLangular concrete

blocks laid over sub-bases of incinerator ashes,

broken concrete and masonry, and sand in Holland.

whi lst

Jacobsen and Harremoes (25) described the runoff

attenuation from a pavement constructed from granite

sets in Denmark.

General overviews of the types of permeable pavements

used for storm water management and the countries in

which they are employed are provided by Hogland (16),

Pratt  and Hogland (33) and Pratt  (37).

6. INFILTMTION AND

RT'N-OFF

CHAR^ACTERISTICS OF

FERMEABLE PAVEMENTS

The primary benefit of a permeable pavement i-s an

appreciable reduction of the runoff rate and volume

from i-npervious urban areas. If adequately designed

all of this runoff may be captured, detained and



release at a slower rate to prevent increases in flood

f 1ow.

Ichikawa and Harada (22) defined the dynamics of a

drainage infiltration strata in three stages3

a) the infiltration of all the stormwater through the

permeable pavement.

b) the ret,ention of the infiltrated water within the

gravel layer beneath the permeable pavement, with

a time lag between the beginning of the rainfall

and subsequent drainage. Upon comnencement of

drainage the difference between the cumrlative

volumes of rainfall and drainage represents the

retention within the subbase.

c) reduction of retention volume and drainage by

evaporat ion after cessat ion of rainfal l .

The process is il lustrated in Figure 7 where the

cumulative volume of infiltration is assumed to be

equal to the rainfall volume.

Goforth et aI (LZ) describe field and laboratory

experiments in the city of Austin, Texas. The

infiltration and runoff from three parking lots with

porous surfaces were compared with sinilar conditions

for two parking lots with impervious surfaces.

Stormwater runoff conditions were generated for porous

asphalt, Iattice block, gravel trench, asphalt and

concrete lots. Simulated rainfall intensities ranged

from 12.7nvn/ht to 42,4mn/hr.

For the porous asphalt lot a maximum intensity of

42wn/ht was achieved with no resulting surface runoff.

In all cases the detention time was constaat at 42



minutes. The average observed base runoff neglecting

measurement error was 50%.

Ihe runoff from the lattice block lot amounted to 26%

of the rainfall, showing a higher retention rate than

the porous asphalt lot. However, the detention tirne

was only ll minutes. this rapid response was

indicative of the fact that the water which does not

percolate the base layer is transported off the lot

within a duration sinilar to impervious surfaces.

The short detention time also reflected the

non-uniform permeability of the surface layer. The

Iattiee block construction allowed an initial portion

of the rainfall volune to be stored in the depressions

and sand within the surface interstices before

overland flow began. Non-uniform surface

impermeabilities along with some areas of underlying

and adjacent clay soils resulted in a minimal amount

of water lost through infiltration and lateral

discharge.

Subsurface flow fron the gravel trench lot amounted to

73% of the input rainfall r' ith an average detention

Lime of 24 minutes.

Testing with conventional surfaces constructed of

impervious asphalt and concrete showed average runoff

values of 7L% and 46% lrhen compared with the input

rainfall. Detention tines averaged 3 minutes and L6

minutes respectively.

In comparison and complenentary to the work undertaken

by Goforth et al in Texas, Hogland et aI (f9) studied

the infiltration capacities of car parks constructed

using the unit superstructure. The infiltration and

runoff were monitored from the car park assoeiated

with a shopping centre and school, which had been in

10



use for 4.5 years before measurements were made, and a

car park heavily util ised by vehicles associated with

construction'work on a nearby building si-te. the

construction site car park was surfaced with two types

of porous asphalt, HABD-l2 (!) and DMTNOR (8).

The 4.5 year old unit superstructure had an average

infiltration capaeity of 65mn/minute with a maximum

capaeity of 2O0rm/minute. The lowest value of

infilt,ration capacity was less than lmm/minute,

equivalent to the capacity of a permanent lawn and

found adjacent to grassed areas where runoff spread

onto the unit suoerstructure.

The HABD-I2 suffered a severe reduction in

infiltration capacity due to the elogging of the

surface by clay spread over the surface during

construction work. Infilt,ration capacity on the

heavily used surface reduced to less than lmm/ninute

with consequent runoff. On areas less exposed to

construction work the capacity was l0nrn,/minute

increasing to 3Onun/minute at the edges of the unit

superstructure, a capacity sufficient to prevent

runoff .

After the completion of the construction work the

HABD-l2 surface was replaced with DRAINOR. Tests on

the DMINOR pervious surface showed it to have an

infiltration capacity of 420rrnlminute.

Murphy et al (29) assessed various methods that could

be adopted to alleviate the problems assoeiated with

stormwater runoff and its effect upon water quality in

receiving waters for the City of Rochester, New York.

Porous pavements were studied at two sites, with

investigations into the hydrology and the permeability

of the pavement. Data from the hydrologieal

investigation site were compared with data from a

l l



control surface constructed of impervious asphalt at

the same site. The pavement consisted of a 5in.

surface layer of porous asphalt overlying a 9in. stone

base.

Peak runoff rates from the porous pavement were

significantly lower than those recorded from the

impervious surface, with an average reduction of 76%,

see Table 1. Figure 8 illustrates the runoff

hydrographs recorded for one storm event and

graphically shows both the reduced runoff, time lag

and extended hydrograph profile associated with porous

pavements when compared to conventional surfaces.

Permeability tests undertaken on cores from the sites

illustrated the reduced perneability with time due to

clogging, but more specifically the reducti-on in

permeability between surfaces subject to minimal

passage of vehicles and those with higher traffic

densities. During the period of site monitoring from

September 1979 to August 1980 the lightly trafficked

site permeability reduced fron 1980in/hr to 540in/hr.

Permeabilities from the more heavily used site varied

between 170in/hr to 43in,/hr in 1979 for cores taken

from clean and dirty areas, these values reduced to

L60in/hr and 27in/hr after a years use. Further

permeability testing was undertaken to simulate the

gritting of surfaces that occur j.n winter. Initial

application of the sand caused a marked reduction in

the permeability from a value of. 420in/hr but with

successive applications of sand the permeability rate

stabi l ized at Z7inlhr,  see Figure 9.

Ichikawa and Harada (22) reporting on observations

over a six year period from a drainage infiltration

strata built on a baseball field at Tokyo University

noted that base runoff varied between 25% and 55% of

the input rainfall with the residue assumed to be

retained within the strata or lost through

evaporation. Detention times ranged between I and 10

L2



hours with a peak runoff

low value of peak runoff

was considered to be due

drainage pi.pe by sand.

less than Snrn/hour. The

30-50% of the design value

the elogging of the

o f

at

to

Urban and Gburek (47), and Gburek and Urban (ll)

describe an o<perimental facility constructed at

Willow Grove, Pennsylvania to investigate the

feasibility of using porous asphalt for in- situ

stormwater detention and groundwater recharge. Storms

monitored during June 1978 and July 1979 produced no

surface runoff from the porous asphalt surface whilst

showing a groundwater recharge amounting to between

70% and 90% of the incident rainfall.

Minagawa (28) monitored three storm water infiltration

systems constructed in Tokyo between 19Bl and 1986 to

assess the effect of the syst.ems on surface runoff

control. The systems were comprised of permeable

pavement, pegmeable underground pipe, perneable

t.rench, detention basins and conventional sewage

p i p e s .

The average runoff from the infiltration system ranged

between 0% and 5.4% of the surface rainfall whereas

the runoff from an adjacent impermeable surface was

59% of the rainfal l  volume, see Table 2.

The infiltration capacities of the permeable

connection boxes and permeable pavement reduced on

average by 80% between 1981 and 1986, however, the

infiltration capacity of the underground pipes was

unaffected during the same period. The infiltration

capacity of the connection boxes was restored after

removal of sediment build up and the porous pavement

infiltration capacity restored after cleaning the

surface with a water jet.

Pratt et a} (35) found that the initial loss due to

surface wetting, depression storage was greater on the

l 3



concrete grid type of porous pavement compared to a

conventional impervious surface, typically 4nm to 6rrn

as compared to lrrun.

Runoff from the porous pavernent was found to be of the

order of 30% to 50% of the total rainfall within the

duration of the storm whereas impermeable surfaces

commonly discharge almost all runoff'within the storm

duration.

During a 30 day rainfall sinulaLion the percentage

runoff for the four types of sub-base tested, ie blast

furnace slag, Iimestone, gravel and granite, the

respective runoffs were 55%, 617., 637( and 75%. The

differences of runoff was thought to be possibly

associated with the characteristics of the four stone

types, as they varied in surface, point contact

density and absorpt ion character ist ics.

Tests with the pavement with the limestone sub-base

shovred that after 9 days without rainfall, the initial

loss before runoff for the succedding storm was 9.5run.

OnIy 16% rainfall was discharged within the storm

duration, and only a further 27% of the total rainfall

ever flowed from the construction.

The difference between total rainfall and the total

discharges was the water held long-term in the

construction, which wholly or in part evaporated

before the next storm event.

Day eL al (6) describe runoff tests undertaken on

three types gf concrete grid pavement and the

comparison of the results with runoff measured from a

concrete slab pavement used as a control in the

experiments. Lattice, castellated and cast-in-situ

tytrles of concrete grid pavement along with concrete

block pavement were subjeet to rainfall durations

between 30 minutes and 120 mirnrtes with rainfall

intensi t ies ranging from 0.59in/hr to 3.54in/hr.  No

1 4



runoff was recorded from the lattice or castellated

pavements for any of the rainfall events tested. Ttre

runoff coefficient for the cast-in-situ pavement

averaged 0.005, these results comparing with the

average runoff coefficient of 0.78 for the concrete

block pavement.

Grass Concrete Lfunited (13) quote fron previous

experimental work undertaken by Day (5) on the runoff

character ist ics of Grasscrete, a cast- in-si tu form of

concrete grid pavement.

The pavement was subjected to rainfall durations

between 30 and I20 minutes and an intensity of

4. lSin/hr. Pavement slopes of between 2% and 7% were

tested and runoff coefficients ranging between 0.02

and 0.35 were recorded, see Tab1e 3. Day et al  (6)

noted that with increasing pavement slope that the

runoff coefficient increased for both the lattice and

castel lated types of gr id pavement.

Wada and Muira (51) undertook experimental work where

simulated rainfall on a permeable pavement and

roadside gutter were studied in order to measure the

storm water runoff volume. Water nras also introdueed

to one side of a permeable sewer pipe in order to

measure the volume permeating the pipe wall. Ttre

groundwater level at the o<perimental site varied

between 0.5m and 2.0m below ground level. Ihe rate of

runoff per unit of permeable area relative to the

initial infiltrated volune varied dependent upon the

groundwater level.

The final infiltration capacity of the facility was

found not to vary with ground water level relative to

the base of the infiltration facility and remained

constant between 4Omm/hour to 50nun/hour.

Smith (42) studied the drainage and thermal

performance of a concrete grid pavement in the City of

1 q



Dayton, Ohio. A control surface constructed of asphalt

was also monitored. Coefficients of runoff for the

grid pavement ranged from 0 to 0.35 with an average of

0.1 compared to 1.0 for the impervious asphalt

surface, see Table 4. Higher values of coefficient for

the grid pavement tended to be associated with runoff

generated under wet antecedent soil moisture

condit ions.

Radiometric and dry bulb temperature readings frorn

concrete grid and asphalt gave average radiometric

readings respectively of 38 and 43 degrees Celsius

dry bulb readings of 26 and 28 degrees Celsius

illustrating the ability of grid pavements to

attenuate temperatures as well as surface runoff.

the

and

Laboratory experiments by Clark (4) on the

infiltration rate associated with concrete block

paving subjected to rainfall intensities between 25

mm/hr and 50 run/hr showed that up to 25% of the

rainfall could penetrate to the subgrade, see Figure

10. Simulation of the effect of silt binding the

joints between the blocks reduced the infiltration to

1 % ,  s e e  F i g u r e  1 1 .

van de Ven and Zuidema (48) studied the infiltration

character ist ics of a 0.7 hectare car park in Lelystad,

Netherlands. Ttre car park vras covered with asphalt and

bricks laid on a sandy base. Approxirnately 70% of

surface rainfall infiltrated through the surface. The

mean infiltrdtion rate was l3nrn/hour with a minima of

6nun/hour and a maxima of 29mmlhour.

Leenders (26) undertook infiltration er<periments on a

300m length of road surfaced with concrete blocks in

Rotterdam. The road was sub-divided into four units

with the sub-base layers comprised of sand, demolition

waste, incinerator ash, and cement bonded incinerator

ash. Each unit was further split into a section with

and without an impermeable membrane below the sub-base
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Iayer. The site was monitored between September 1986

and Oetober 1987. During this period the infiltration

rates, e{pressed as a percentage of the rainfall

falling on each unit, showed respectively that 25%,

427., 237[ and 13% of the rainfall infiltrated and

passed through the sub-bases comprised of the sand,

demolition waste, incinerator ash and cement bonded

incinerator ash.

Site investigations by Jacobsen and Harremoes (25) of

a 682 square metre granite set paved surface at Lyngby

in Denmark, for a five month period in 1978, showed

the total runoff to be 1I% of the total recorded

rainfall. The relationships between runoff volune per

unit area and ralnfall depth for an asphaltic and

paving stone surface presented exemplify the

invalidity of using the relationship from an

impervious surface to represent a semi- pervious

surface. The important effect of antecedent rainfall

on a semi-pervious surface is also shown by the data,

see F igure  12 .

EFFECT OF PERMEABLE

PAVEMENTS ON WATER

QUArrTy

The CIRIA report (3) noted that in an urban

conurbation

'rthe t54pes and amounts of pollutants are a complex

function of atmospheric water quality, the type and

intensity of urban land use activity, surface

compositions, the type and density of road traffic,

and steet c leaning pract ices".

Permeable pavements are considered capable of

enhancing the quality of runoff from urban areas in

two ways. Firstly by reducing the runoff volule with
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the consequent reduction in quantity of pollutants

reaching the receiving waters and secondly by

modification to the chemical cornposition of the runoff

as it passes through the pavement.

Goforth et aI (12) in their study of several pavement

types in the City of Austin, Texas noted that during a

majority of storm events a first flush effect of

suspended solids was e4perienced on porous pavements,

see Table 5. Flow weighted average concentrations of

240 ng/L and 175 mgll were reeorded from the gravel

trench and porous asphalt surfaee compared to 24.5

mgll from the lattice block surface. These higher

concentrations were attributed to erosion of the

diversion channels for the porous asphalt surface and

the flushing.of the fines from the gravel trench.

With the exception of the lattice block pavement these

concentrations are higher than concentrations

registered from conventional asphalt or concrete

pavements.

The chemical o>qygen demand for porous pavements show a

first flush effect when compared with conventional

pavements, however the flow weighted average demands

are similar with the exception of the gravel trench

which shows a higher demand level.

No significant differences in nitrogen concentrations

were recorded between porous and conventional

pavements.

Lead and zinc concentrations nrere similar for the

porous and conventional pavements but noticeably

higher in both cases for the gravel trench, with the

average concentrations of zinc being greater from the

pervious than the impervious pavements.
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Low concentrations of organic pollutants rrere found in

the }attice block and porous asphalt pavements.

Balades and Chantre (1) compared the pollutants

associated with two car parks in the Greater Bordear:x

Municipal area in France, one surfaced conventially,

the other with permeable pavement.

Lead and suspended matter concentrations recorded from

the permeable surface were respect ively 7.3% and 50.8%

of the corresponding pollutanL values recorded from

the conventially surfaced car park. The chemical

oxygen demand for the permeable surface was found to

be ll,9% of the demand for the conventional surface,

s e e  T a b l e  6 . '

Hogland et aI  ( I7,  19) invest igated the pol lut ion due

to snowmelt and traffic on the unit superstructure.

ConcenLrations of suspended solids, total solids and

metals in the snow were measured prior to snowmelt and

then measured in the runoff through the unit

superstructure.

Reductions in the concentrations of suspended solids,

total  sol ids and metals was noted, see Table 7.

However, increases in nitrogen and chloride were

noted, a possible explanation being the presence of

nutrients produeing the nitrogen and chloride both in

the surrounding agricultural soil or even present in

the asphalt .

The greatest concentration of pollutants in the unit

superstructure was found in the geotextile layer with

the }owest concentrations in the aggregate layer

sandwiched between the porous asphalt and the

geotext i le layer,  see Figure 13.
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The ehemical eomposition of the water passing through

the unit superstructure remained unchanged as it

passed through the unit.

Further studies by Hogland (f6), Hogland and Spangberg

(20) of the unit superstructure in the laboratory were

conducted simulating rainfall durations of between 1.5

and 30 years of precipitation. The coneentrations of

pollutants were highest on the geotextile surface for

the majority of constituents. No increase in pollutant

concentration could be found in the soil under the

geotextile even after a simulated period of 30 years

ra in fa l l .

Pratt  et  aI  (35, 36) studied a porous pavement

underlaid by a gravel layer and four t5)es of unbound

sub-base aggregate under laboratory and field

condit ions.

Ini t ia l ly af ter f ie ld construct ion of the castel lated

grid pavements the concentration of suspended solids

discharged from the sub-base was lOOmg/Iitre. After

the washing out of fines from the sub-base material

this concentration reduced to 40mg/litre. These

values compare with concentrations from impermeable

surfaces ranging from 30mg/1-Ltte to 300m9/1itre with

measured values of 1000mg/litre having been reeorded.

Lead concentration in the runoff from the porous

pavement sub-base was consistent at 0.06mg/1itre with

over B0% of the lead being retained in the gravel

layer, a comparable figure for the organic pollutants

also being retained in the gravel layer.

The range of water quality discharges from the

sub-base were dependent upon the type of stone forming

the sub-base. In each case the suspended solids
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concentration was limited to a range from 0rng,/1itre to

5Orng,/ I i t re.

The poroirs pavement showed greater stability in the

effluent discharge quality in both value and range of

pollutant concentrations over the short and long term

when compared to impervious pavements.

Day et al (6) in their study of runoff fron concrete

grid pavements also investigated the pollution

abatement characteristics. Runoff was only monitored

from the cast-in-situ block and the concrete slab

pavements, no runoff being registered from the lattice

or castel lated pavements, see Table 8. The pol lutant

concentrations in the runoff lrere normalized by

referenee to the rainfall pollutant concentrations to

allow comparison between tests. The report concluded

that the pollutant concentrations in the runoff from

the cast-in-situ pavement were greater than the

corresponding ones from the concrete slab except for

organic phosphorus, Iead, zinc and chromium. This

tendency to higher pollutant concentrations was

attributed to the grass and soil within the voids of

the block provided an environment whereby

microorganisms and macroscopic fauna could live and

metabol ize.

Analysis of the percolate from the Willow Grove porous

asphalt pavement, Gburek and urban (11), showed the

chemical composition to have changed little from the

incident rainfall. The main effect on water quality

\.taas a shift in pH value from acidic rainfall to

neuLral  percolate,

CLOGGING AI{D THE

MAINTENAI'ICE 0F

INFILTMTION CAPACITY

In order to ensure

permeable pavement

2L

the eff ic ient operat ion of a

as a design for reducing urban

8 .



runoff, and a method of improving water quality, then

the infiltration capaeity of the system must be

maintained.

Balades and Chantre (1) reporting on trials in the

Greater Bordeaux Municipal area found that only

surface clogging of the porous pavement occurred. This

clogging could be remedied by regular cleaning of the

surface by suction sweeping, eleaning by using a high

pressure lrater jet or ultimately planing the clogged

coating and relaying a new layer of porous material.

Diniz (8) considered that in order to minimise

clogging that

"all ground preparation and earth work should be

finished prior to installation of porous pavements.

After construction, the haulage of clogable materials

across porous pavements must be conducted with extreme

care to prevent spi l lsrr .

Investigations at the Woodlands construction site,

north of Houston, in Texas showed that if a spill

occurred, that immediate vacuuming and washing with a

water jet would restore pavement permeability almost

to pre-spiI l  rates. Permeabi l i ty tests at the si te

indicated a recovery in excess of 95%, though if the

pores in the pavement were clogged and the dirt

compacted to.a depth greater than 0.5 inches, ful l

permeability could not be restored.

Field et aI  (10) also suggested that

Iterosion of surrounding soils cleared especially

during construction should be alleviatedrr.

and that
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"clogged pavement can be cleared by flushing, and

other street eleaning devices such as vacuums and

broomstr.

Hogland et al  (18, 19) relat ing to the unit

superstructure whilst building work was in progress

considered the surface to be vulnerable, and that it

should be protected against the passage of heavy

construction vehicles and the conseguent clogging.

They also identified direct runoff from adjacent

permeable green areas as a potential source of serious

clogging of the pavement.

Minagawa (28) also observed clogging at the periphery

of permeable pavement. The influence of clogging on

the infiltration capacity of the pavement was

quantified by stating that if more than 50% of the

surface became clogged it was necessary to restore the

infiltration capacity by cleaning using a water jet.

Stenmark (43) noted the clogging due to dirt from

passing construet ion vehicles. Flushing of the

surface with water at 65 bar pressure was found to

restore the infiltration into the surface, increasing

the capacity by approximately 400%, see Figure 14.

The development by the University of tund, Sweden of

rnobile flushing equipment for permeable asphalt

surfaces was also reported.

Maintaining the integrity of a porous pavement

const,ructed on soils subject to frost heave in cold

climatic conditions rras studied at Sundsvall in Sweden

by Hogland and Niemczynowicz (18). The Unit

Superstructure forned the basis of the investigation.

The construction was varied by using different grades

of crushed aggregate beneath the pervious asphalt

surface course, with, in one case isolation cellblocks

being laid on gravel over the unit superstructure.
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Minimum frost heave was e:<Derienced with the latter

structure.

The najority of the above examples relate to pavement

surfaces constructed from porous asphalt. Referring to

permeable concrete block paving Pratt  et  aI  (35)

considered that

rrfailure of the permeable concrete block paving to

infiltrate stormwater would be the result of general

fil l ing of the gravel bedding and inlet holes until

sediment was caused t.o be stored on the surfacerr.

Restoration of the surface would involve

"the l i f t ing of the concrete blocks . . . .  the removal

of the bedding gravel and Lhe geotextile layer for

safe tipping in view of their pollutant content; and

the placement of new geotextile, new gravel and the

block paving over the original sub-base structurerr.

The l i fespan of a surface was assessed at 15 years

before it was considered remedial work would be

necessary .

CO}TPUTATIONAL MODELTING

OF PERMEABLE PAVEMENTS

The literature search revealed several studies

including detailed information on the hydraulic

performance of permeable surfaces with permeable and

impermeable underlayers .

Jackson and Ragan (24) set up a mathematical model to

study the hydraulic behaviour of a porous pavement

above an open graded basecourse and an impervious

membrane at the leve1 of transverse subdrains. Assumed

permeabilities ranged from 1.6in,/nin to 333in/min,

porosities from 13% to 40% and spacing between

subdrains from 60ft to 360ft. The Boussinesq equation
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% = ff'*n

was used to model the behaviour of the subsurface

reservoir, and the water volume retained in storage

r,ras computed from the change in the surface of the

saturation zone. Design storms for Washington DC were

used.

From the results of the deterministic model,

multi-variate correlations were obtained to give

( - 1 1 .  1 9 9  +  0 . 4 9 9  I n ( k )  ) (  1 )

where

Q^ is the flow in ft 3/s per foot of drain.
v

k is the permeability in inlmm.

P is the rainfal l  in inches.

and

n is the proportional porosity.

The time taken to drain 50% of the stored volune

varied from about 100 minutes to 10000 minutes. For

example 50% of the water volume stored in a 360ft *

200ft parking area served by one subdrain beneath

B.2in of material with a permeability of 2}Ain/min (or

13in of material with a permeability of 100in/min) was

drained in about 12 hours.

Jackson and Ragan considered that their work showed

the feasibitity of semi-permeable pavements for car

parks and slightly trafficked roads. Their work

includes equations and graphical design aids for

environmental conditions similar to Washington DC.
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Tamai et al (44) in developing a mathematical model to

predict runoff for pervious pavements considered that

the water flow in the unsaturated and saturated zones

of a pavement was continuous. Consequently they

treated both zones as one system. Above the phreatic

surface where the soil is stil l saturated but under

negative pressure, the permeability was assuned to be

equal to that of the saturated region.

The unsaturated infiltration was explained using

differential equations formulated by Richards (39).

The Richards equation expressed in terms of pressure

potential for an incompressible fluid is expressed as

fol lows

c(v) 3t = 
h tr." $l . L tkz(# + 1)l (z)

where

V is the pressure potent ial .

y the horizontal coordinate.

z the vertical coordinate taken upward.

t  t ime.

k__ hydraulic permeability in the y direction.
v

k- hydraulic permeability in the z direction.
z '

c(v)  =  P (3)Y\ - '  av

O the moisture content.

Campbell (2) assumed an empirical relationship between

the pressure potential V and the moisture content O.
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-h
V = V (O/Os)

e

where

V^ is an air entry potential.e

Os the saturated moisture content.

b is a constant.

( 4 )

The k-V relationship contained in the hydraulic

permeability parameter for saturated seepage k" is

derived from

k = k" (vs/v) 2+2/b

with the permeability of the medium considered to be

iso t rop ic ,  ie .

k  =k  =k .
yz ( 6 )

At the ground surface the rainfall or evaporation is

represented by

A \ Y / a z  = R / k ( V ) - l  ( 7 )

where

R is the flux across the upper boundary, either

positive or negative dependent upon either

infiltration or evaporation.

At the surface of a drainage pipe the pressure is

assumed to be atmospheric with drainage occuring only

if the pressure head in the vicinity of the drain pipe

exceeds the atmospheric pressure. Initially no flow

(s)

27



is assumed through the drain pipe and consequently

along a vertical

Yl + z = constant

at

t = 0

The Alternating Direction Inplicit method was used to

solve the equation numerically.

Similarly Ichikawa and Harada (22) used the two

dimensional Richards equation to represent the

interaction between stormwater and the model strata

simulating the drainage infiltration strata.

The following assumptions are made :

- the initial pressure distribution is both uniform

and continuous through the model strata.

- the hysteresis effect on the relation between the

hydraulic conductivity and negative pressure is not

significant through the layers of strata.

- the soil water flow is isotropic for two directions

through the layers of the strata.

The relationship between negative pressure and water

content of the strata through time is given by

c(v)lt=fotrtvr$l *fu trtvtt$|+ ur (e)

the relation between negative pressure and water

content by

( 8 )
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c(v)=-fu,F,,1+1/b) - co)

and the relation between the negative pressure and

hydraulic conductivity by

k(v) = rcsrff)2+2/b

where

V = negative pressure.

3z = vertical space increment.

at = time increment.

Ey = lateral space increment.

k(V) = relation between negative pressure and

hydraulic conductivity.

( r1)

C(V) = relation between negative pressure and water

content.

ks = saturated hydrauli.c conductivity.

Ve = air entry value.

Os = saturated water content.

b = constant.

The conditions used in the computation were

i n i t i a l c o n d i t i o n  S = z  * V = c o n s t a n t  ( 1 2 )
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upper boundary condition (surface) R = -k(V) ftj - fl

( r3)

lovrer boundary condition (drainage pipe) ff 
= rS+r

(  1 4 )

where

R is f lux of rainfal l .

q is flux of drainage.

k is factor errpressing the capacity of the drainage

PiPe.

Diniz (7,8) developed PORPAV, a computer model used to

evaluate the stormwater characteristics of porous and

nonporous pavements constructed in the City of Austin,

Texas.

A deliberate attempt rras made to keep the model as

simple as possi.ble and yet to provide adequate

quantification of the hydrologic rdsponses of the

porous pavement. The model allows a variety of

different pavement characteristics to be evaluated,

which enables the investigation of various porous

pavement systems to be studied especially during the

planning phases of a project.

The hydrologic responses of a porous pavement can be

simulated by a system of hydraulically connected

control volumes for which the inflows and outflows are

mathematically defined. The porous pavement, the base

and the natural ground (or the drain system) are

considered to be sequential but internally independent

storage reservoirs.
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The basic equation of continuity of eonservation of

mass is applied to each reservoir

ds
E = I - U

where

I = inflow into the reservoir.

O = outflow from the reservoir.

ds
aa 

= change in storage volume.

(1s)

The inflow, f, is comprised of direct rainfall onto

the porous pavement and the surface runoff hydrograph

from contributing areas. The surface runoff is

determined using a method determined by Izzatd (23)

which utilizes a dimensionless hydrograph from paved

areas ,  see  F igure  15 .

The key parameters are

t. time to equilibrium.

qe equilibrium flow.

V equilibrium surface detention volume.

i  rainfal l  intensi ty.

L length of overland flow.

with the following equations defined by the

parameters

w . i . L
d = _Ye 43200
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where

9" = equi l ibr ium f low, cfs.

i = rainfall intensity, inches per hour.

L = Iength of overland flow, feet.

rr = width of overland flow, feet.

and

V  _  k . L l : 3 1  i 0 . 3 3  ( 1 6 )' e  
3 5 . 1

where

V" = equilibrium surface detention volume, cu.ft.

k = an empirically derived, lumped coefficient for

the effects of slope and flow retardance of the

pavement.

v
1 =  ==e-  (17)-e 

,09e

t" = time to equilibriurn, minutes.

Using t/t" values based on the computation interval

and Figure 15, the

q/q. values and the corresponding q values are

determined for the rising linb of the hydrograph.

The F factor, defined as

6 0 q  . t
^ ' e a
K = -} ,v

o
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where

t" = time after rainfall has ceased.

the rainfall intensityV = equivalent to

component, in

V without
e

cu.  f t .

is used to determine the g/q" and corresponding q

values for the recession limb of the hydrograph.

If the duration of the rainfall is greater than the

time reguired to reach flow equilibrium,

(a. , t < ta), then the q/q" value remains at a

constant value of 0.97 unt i l  t  .

The rainfall hyetograph is input as average

intensity per hour for all intervals during which

rainfall occurs. Runoff hydrographs are computed for

each interval, successively, and summed to determine

the eumulative storm hydrograph from contributory

areas to the porous pavement.

The inflow hydrograph is converted to units of depth

based on the area of porous pavement and computation

interval. The rainfall depth on the pavement is sumned

with the surface runoff depth to determine the total

inflow, I, to the porous pavement.

Ttre outflow from the pavement consists of vertical

seepage into the pavement, lateral outflow to a drain

or into the natural ground, surface runoff from a

horizontal pavement, surface runoff from a sloping

pavement and volume of water lost to evaporation.

The vertical seepage is determined using the variable

head permeability equation as defined by Taylor (45),

where
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K = permeability of flow element, ftlsec.

a = cross sect ional area of surface water,  sq.f t .

A = cross sect ional area of f low element,  sq.f t .

L = thickness of flow element, ft.

h1 = depth of surface water at t ime t1; f t .

h1 = depth of surface water at t ime tz = tr  + At,  f t .

At = time interval.

a r  h rK = 2.3 ffif IoB hr

where

In the porous pavement system, the cross

areas of surface water and flow elements

equal, and so the equation is reduced to

T hK=2.sfttosfr

this equation may be rearranged to soLve

. h 'or = -=i-

10"

(  19 )

sectional

are always

(20)

for  h2

Q2)

(21)

where

K.Ar
t s = -

2 .3L

the vertical seepage is determined from hr - hr
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Lateral outflow = s f%*l P.ar Q3)

where

S = storage coefficient of the natural ground.

P = pavement perirneter, ft.

Surface runoff from horizontal pavement = Qf,l{lo5

(24)

where

C = input weir coefficient.

L = input weir length, ft.

H  =  h  -  h o ,  f t .

he = depth of dead surface storage on the porous

pavement, ft.

h = depth of flow on the porous pavement, ft.

Surface runoff fron sloping pavement

_  1 . 4 8 6=  y . L . T  y 1 o 3 3  s o r s  ( 2 5 )

where

y = computed depth of flow, ft.

t  = width of f low, f t .

n = input roughness coefficient.
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s = input energy

Evaporation loss

s l o p e ,  f t / f t .

from the surface

I
7

peak evaporation rate, inlhr.

total daily evaporation, in.

(  t "  !  6 ,  E  =  0

< t  <14 .  E - -E  ( t c -6 )
c_Pg

1 S

E=
P

where

E=p

E .=
L

for 0

for 6

determined from

(26)

(27 )

(  28 )

(2e)

( 30 )

f o r  1 4  (  t ^  4  2 O ,
c -

f o r20 ( t ^  <24 ,  E=0c -

where

t = clock t ime. hours.c '

E=E (20 - t c )
P6

E = instantaneous evaporation rate.

Goforth et aI (12) made several modifications to

PORPAV.

The vertical seepage previously determined using the

variable head permeability equation as defined by

Taylor was substituted by the limiting or lower

permeability of the conterminous layers as the true

indication of the vertical flux of water betrueen the
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layers, subject to the storage constraints in both

layers.

The constant infiltration rate term was replaced by

Hortonfs eguation which defines a variable rate of

infiltration during and subsequent to a single,

continuous precipitation event. The infiltration rate

ltas represented by

i "  = ir+ ( io- i f) e-kt

where

(3 r )

= infiltration rate at time t.s

if = infiltration capacity (minirnrm rate) of the

s o i I .

= initial i.nfiltration rate.o

= first order decay coeffici-ent.

= elapsed t ime.

The initial infiltration rate is dependent on the

initial moisture condition of the soil. Incorporating

this oc.pression for the infiltration rate can result

in a significantly greater vertical transport

calculated during the storm event than by using the

constant minimrm rate. A constant infiltration rate

can be represented by replacing the initial rate by

the infiltration capacity of the soil.

Intra-layer flow was represented by a routing

procedure to account for the vertical transport of

water within the pavement and base layers, simulating
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the vertical movement of the wetting front through the

pavement.

Ttre horizontal discharge was determined using Darcy's

law for the flow equation

QU = 
\A dh/d:. $2)

where

Qb = average horizontal discharge.

\ 
= permeability of the base media.

dh/dx = energy gradient.

A = cross sect ional area of f low.

The energy gradient was approxinated by

dh/dx = H/L

where

H = total elevation potential, equal to 
\+ 

LSO

% 
= depth of water in base layer.

SU = slope of the base layer.

L = normal length of the base layer.

The cross sectional area of the flow was approximated

as

A=w\ /2

3B
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where

w = width of the layer.

This yields

(34 )

(3s  )

Q6 = (\w sb) %/2 + (\w) %/2L

or on a unit area basis

96= cr{+

where

"r%

cr  = 
\SO/2t

(36 )

(37 )c z  =  
\ / 2 L

Goforth eL al go on to state that

"The capacity of the subsurface drain, or in the

absence of drain pipes, the transmissivity of the

adjacent soil can reduce this lateral discharge rate.

By adjusting the pipe size and base layer width,

maximum allowable discharge rates can be met. When

there is no impermeable boundary present to prevent

lateral flux, some horizontal discharge will occur to

the adjacent soil. However, this horizontal flux is

generally negligible when compared to the vertical

component leaving the layer via infiltration because

of the much smaller cross sectional area of flow.

Also, the moisture content of the surrounding soil

increases during the storm event, thereby reduci-ng the

energy gradient between the porous media and the

s o i l r r .
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Surface runoff was initially estimated using Manningrs

equation for runoff from sloping pavements and the

broad crested weir formula for flow from horizontal

pavements. The weir equation has been replaced by the

Manning's equation, with the slope of the energy

grade, S, approximated by

S = d"/L

where

( 38 )

d = depth of water on the surface above the dead
s -

storage depth.

Provisions rrere also made to the progranme to allow

calculation of the theoretical detention time and a

dead storage component.

Wada et aI (50) investigating the effect of a

permeable stormwater drain in controlling runoff in

Kobe City, Japan found that the relationship between

the permeabilty and the volume of storm water at the

upstream end of the permeable section was

In f i l t ra t ion = 8.L7 *  Qup -  2L.15

with a regression coeff icient = 0.97

where

(3e)

Infiltration = permeability in cm,/hr.

Qup = volume of storm vater at upstream end

of permeable section of permeable storm

water drain.

Wada and Muira (51) constructed a model to simulate

the mechanism of storm water infiltration at eombined
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storm rrater infiltration facilities. Basic equations

to represent unsaLurated and saturated pavements were

developed based upon experimental work.

Ttre volume of infiltrated storrnwater before runoff

cofltrnences was calculated from

F1 = infiltrated voh:rne retained pdr unit area before

runoff commenees,mm.

R = volume of rainfall per unit time, l/nin.

T = tirne before runoff cornrnences, min.

A = area of permeable sect ion, m2.

The final infiltration of the facilities were

caleulated from

f r = *

where

R - Q ^
F r r = - 1 1  * 6 0

where

F_ = final infiltration capacity, rrn/hr.n

Q" = voh:rne of runoff per unit time, l/min.

(40 )

(41 )

From the olperimental work on the infiltration

capacities of the pavements tested it was possible to

determine the infiltration velocities of the permeable

pavement for both unsaturated and saturated pavements.
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These were termed respectively the initial and

inf ini te inf i l t rat ion veloci t ies.

For the unsaturated pavement the initial infiltration

velocity is related to the the rainfall intensity by

F = R * A / 6 0

F = S r * A / 6 0

f o r R ( 5 1  ( 4 2 )

f o r R ) 5 1  ( 4 3 )

with the rate of change of voh.me of porewater in the

pavement represented by

,{ \t

t i  
= (R - s1) * A/60 - Qr (44)

where

F = inf i l t rat ion veloci ty,  l /n in.

S1 = ini t ia l  inf i l t rat ion veloci ty,  nn/hr.

R = rainfall intensity, rrnlhr.

V = total volume'of,gorewater in the permeable

pavement, litres

A = area of permeable pavement, m2.

qT = volume of infiltration water flowing into the

inf i l t rat ion pipe, 1/min.

The pavement becomes saturated when the total volume

of porewater is equivalent to the total volume of

porespace in the pavement.

The infiltration velocity is then determined from the

infinite infiltration velocity using
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F =  Sz*  A /60

where

Su = infinite infiltration velocity.

(45 )

If the rainfall intensity exceeds the infinite

infiltration velocity then surface runoff cortrnences.

The volume of rr:noff being determined by

Q" = (R - sz) * 4/60 - QT (46)

where

Qs = volume of surface runoff, l/min.

S2 = infini.te infiltration velocity, mm/hr.

Shinoda J41) describes the formula used in the design

of infiltration facilities for the City of Fukuoka,

Japan. The formula is noteable for the inclusion of a

clogging influence coefficient to take account of the

reduced infiltration capacity due to blockage by

suspended solids.

The unit design capacity of infiltration is

represented by

9 " = 9 * c * k r * k z * k r * k u  | . 4 . 7 )

where

qc = unit  design capacity of inf i l t rat ion, Llht .

q = amount of infiltration capacity in ground,

l /h r .
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c = safety factor.

kl = clogging influence coefficient.

k2 = groundwater level influence coefficj.ent.

k3 = rainfall influence coefficient.

k{ = temperature correction coefficient.

The clogging influence coefficient is calculated fron

- 0 . 0 1 5 x 4
K t = €

and

(48 )

A * fq = s * -  * R  * T  ( 4 9 )- o  L * B  - - o

where

S^ = density of suspended sol ids, kglm3.
o

R^ = total  annual rainfal l ,  m/yeat.o

A * f
ffi 

= density ratio of infiltration facility

instal lat ion.

A = catchment area, D2.

f = runoff coefficient.

L * B = bottom area of inf i l t rat ion faci l i ty,  m2.

T = service l i fe, year.
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van de Ven and Zuiderna (48) tested five infiltration

models to assess their suitability in simulating the

infiltration process in the pavement at Lelystad using

data from the site in forming the assessment. ltre

model for crusted soils developed by Hil}el and

Gardner (15),  where

f  =  (  a t  +  b  ) 0 . 5  -  c (s0)

and a, b and c are parameters of the equation and

I = infiltration in metres

t = time in days.

was considered to provide the best agreement.

Jacobsen and Harremoes (25) included an infiltration

capacity formula to represent semi-pervious catchments

within the urban surface runoff simulation called

URSULA.

The infiltration capacity formula was based on the

formulae proposed by Green and Anpt (14) and Mein and

Larson (27) .

Green and Ampt proposed the equation

f p  =  K " [ 1  +  1 Y U *  S / F ) ]  ( 5 1 )

which was derived by applying Darcy's law to the

infiltration from an excess surface water supply from

time zero.

where

f_ = infiltration capacity, inlhr or cmlsec.
D

K_ = saturated conductivity, inlhr or cm,/sec.s
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M, = initial moisture deficit for the range of contento
O - e..  volume/volune.

s  l _ '

S = capillary suction at the wetting front, in. or

cm. of water.

F = cumulative infiltration from the beginning of

the event, in. or cm.

which gave good agreement when predicting the

infiltration capaeity for soil profiles that become

denser with depth.

Mein and Larson based their conputation of vertical

flow of soil moisture on the Richards equation which

can be written as

ao a as (o) aK(o)
-=- - (K(O)- ) - -  (s2)

a t  6 z  3 z  E z

where

0 = volumetric moisture content.

t  = t ime.

z = distance below surface.

S(O) = capi l lary suct ion.

K(O) = unsaturated conductivity.

Ttre model was developed to represent two stages of

soil moisture flow , infiltration prior to runoff and

infiltration after runoff begins.
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For infiltration prior to runoff

F  =  M .  *  Ls c t s

where

(s3)

F- = amount of infiltration up to surface saturation.s

L- = depth of saturated zone, see Figure 16.s '

In the finite difference form, Darcyrs law can be

written as

q  =  - K ( O )  ( O z -  O r ) / Q z -  z t )  ( 5 4 )

where

q = f low rate.

K(O) = capillary conductivity.

O = total  potent ial .

z = distance below the surface.

the subscripts I and 2 refer to the surface and

wetting front.

From Figure 16.

2 2 -  2 1  =  L ,

The potential at the surface can be taken as 0,

therefore

o r= -Ls (sav+Ls )

where

(ss)
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S^_- = average capillary suction at the wetting front.av

At the moment of surface saturation the infil.tration

rate is stil l equal to the rainfall intensity, so that

q = r .

The capillary conductivity can be assurned to be equal

to the saturated conductivity K".

Substituting in (54)

I = K ( S  + L ) / L  ( 5 7 )
s a v s s

and combining (53) and (57) gives

F" = S".r* Md/[( I /Ks) -  1]  for I  )  K" (58)

For infittration after runoff begins

The infiltration rate is nqw equal to the.infiltration

capacity,  fp.

and

f _  = K ( S  + L  + L ) / ( L  + L )  . .  ( 5 9 )
p  s ' a v  s  s

where L" = F"/  MU (60)

and

F = cumulative infiltration at any time

F = cumulative infiltration value at moment of
s

surface saturation.

Similarly

L = ( F - f s ) / l { d
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hence

Ls+L=F /Mu

which gives

1
g = |  s .a tav -o r

where

k_ = relative conductivityr

= K/Ks

IO. SffULATION OF RT'NOFE'

FROI.T PERMEABLE

PAVET.IENTS

(62)

fp  =  K" [  t  +  (Sr rn  Md/F) ]  (63)

The capillary suction at the moving front is

determined from the capillary suction/saturated

conductivity relationship for the soil and can be

represented by

(64 )

The literature search revealed several studies where

sirmrlations were undertaken of the runoff from

permeable pavements and compared with observed data

from the prototype.

Goforth et al (L2) simulated the stormwater hydraulics

for five types of pavement constructed in the City of

Austin, Texas. It is intended only to report on the

results from the simulations run on the porous asphalt

and lattice block pavements.

49



Stormlrater hydraulics for each pavement t54pe were

simulated with a prografllne called PORPAV, which r*as

calibrated for each type of pavement using one set of

observed runoff data. The calibrated coefficients were

held constant during the simulation of the remaining

events. Pavement characteristics such as pavement

length, width, depth and the collection drain capacity

were obtained from onsite and construction

measurements.

Parameters relating to surface roughness coefficient,

volume of dead storage on the pavement and pavement

porosity were estimated. Ttre record of observed inflow

was input in the progranme for each event. Calibration

of the model was initialized by varying values of the

estimated values to reproduce the observed runoff

volume. This rras accomplished by adjusting the volume

of the base storage for the pervious pavement. The

observed peak runoff rate \ras reproduced by adjusting

the estimate of the surface roughness. For the porous

asphalt the coefficient of permeability for the base

layer was varied to produce the observed peak base

discharge rate.

Simulation results were evaluated on the basis of

reproducing observed runoff volumes, peak discharges

and response time.

In respect of the Porous Asphalt pavement the

calibration of PORPAV was undertaken using records of

the sprinkler inflows and discharge measurements from

a stormwater event. The simulation results are

compared to observed values in Table 9. The

cumulative runoff volume and the peak discharge rate

\rere reproduced quite well as demonstrated in Figure

17. Ttre simulated temporal response indicated by the

time to peak and detention time, \ras more rapid than

the recorded values, attributable in part to the
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travel time associated with the exterior drainage

channels which were not modelled.

Ttre point is made by Goforth et al that the resolution

of the temporal response is dependent on the duration

of the simulation time step and that simulation

response times within one time step of the observed

times represent accurate simulations.

Verififying the calibrated model by simulating an

observed event recorded on 1 June 1982, see Figure 18,

did not reproduce observed values as well as the

calibration set. The discrepancies between the

two diseharge hydrographs was considered to represent

the difference in hydrologic response between the two

data sets.

The lattice block pavement was modelled using data

generated by sprinklers which represented the storm

events. Ttre results are compared to observed values in

Tab le  10 .

The discharge hydrograph for the calibration data is

presented in Figure 19. The runoff volume and the

recession limb of the hydrograph are lcell reproduced,

while the peak runoff rate was overestimated. The

simulated temporal response lagged slightly the

observed response, although the hydrograph decay was

tracked well. The observed discharge characteristics

of the second runoff event were well simulated, see

Figure 20. The simulated hydraulic response for the

third event was quite different from the observed

results, see Figure 21. The bi-modal peak of the

simulated discharge hydrograph reflects the influence

of the second burst of recorded inflow, whereas the

observed hydrograph does not.
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Ttris discrepancy is considered to be possibly due to

the second peak not being measured which in turn would

ocplain the discrepancy between observed and simulated

volumes.

Diniz and Espey (9) applied PORPAV to simulate the

performance of a porous pavement parking area

development in Ttre Woodlands, a planned conrnunity,

near Houston, Texas. Due to the lack of prototypical

data from the site, simulations were run using the 100

year rainfall for the Houston area. With pavement and

base permeabilities of  0in/hr and B0in/hr no surface

runoff was generated. Surface runoff was only

generated by reducing the perneabilities to lSin/hr

and 30in/hr respectively.

Niemczynowicz (31) using a Storm Water Management

Model sirrulated the effect of constructing all the

pavements in the City of Lund, Sweden with permeable

pavement of the Unit Superstructure. The nodel had

previously been calibrated with data from measured

rainfall and runoff events. The simulated effect of

replacing existing pavement with Unit Superstructure

was to attenuate the peak flows in the conbined sewer

and storm water conduits by 75% and the peak flow in

the storm water system by 90%.

A similar simulation applied to a 0.2 sq.km. catchment

in Gothenburg showed a peak flow reduction of 80%,

Niemcz5mowicz and Hogland (32) .

Tarnai et a1 (44) verified their mathematical model,

developed to treat a two-dimensional simulation of

unsaturated seepage, against e:<perimental data

undertaken by Vauclin et al (49). Figure 22

illustrates the calibration of the model against the

oqperimental using an hydraulic conductivity of

35cm/hr.
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The model was then calibrated against data obtained

from the pervious pavement associated with a baseball

field constructed at the University of Tokyo.

Figure 23 shows a section through the pavement. The

outflow hydrograph simulated by the model is shown in

Figure 24, wit}:. hydraulic conductivities of 0.22, 0,07

and O.Olcm/s respectively for the asphalt, crusher run

and sand; air-entry potential values of -4cm and
-l5cm for the crusher run and sand layer; saturated

moisture contents of 0.5 and 0.4 for the crusher run

and sand layer and values of constant b, see

Equation 4 of 3.0, 5.0 and 1.0 respect ively for the

asphalt, crusher run and sand layer.

It was found necessary to increase the value of b

above that suggested by Campbell (2) in order to

obtain a more sensitive response between the rainfall

and groundwater runoff.

Tamai et al (44) then proceeded to apply the model to

a further rainfall event recorded at the baseball

field again with the pavement underlain by an

impervious sheet, see Figure 25. Reasonable agreement

between observed and calculated runoff hydrographs was

only obtained by reducing the maximum flow capacity of

the drainage pipe associated with the pavement and

attributing an initial overestimate of the predicted

runoff to not taking account of clogging of the drain

pipe.

The remaining discrepaney between observed and

calculated runoffs could only be rectified by

adjusting the hydro-geological parameters of the

pavement and it was considered that in order to

simulate the permeability of an unsaturated pavement

that nodifications would be necessary to the

functional form in the nodel representing the

unsaturated conditions.
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Applying the model to a pervious pavement laid

directly onto a natural subsoiL base produced an

unsatisfactory agreement, see Figure 26. CaLculated

peak outflows are similar in magnitude to the observed

peaks but are temporally advanced by the order of

three hours. The recessional arms of the peaks are not

well replicated. Tamai et al considered that the

simplified treatment applied in the model was not

adequate and that a larger scale sfunulation should be

adopted where the computational zone $ras extended to

the phreatic surface.

Ichikawa and Harada (22) similarly working on data

from the same baseball field simulated the runoff

associated with two recorded rainfall events.

Figure 27 shows the comparison between the simulated

and observed cumulative volume of drained water for

the two events. The effects of neglecting hysteresis

are shown by the fact that the simulated values are

larger than the observed values at the time when the

rainfall has temporarily stopped. The difference is

not significant in terms of volume.

Using equations developed from e:q:erimental work, Wada

and Muira (51) simulated the effect of replacing 767

of the roads, 38% of the roofing and 9% of the open

space in an urban study area in Kobe City, Japan with

permeable pavement or pervious material. Tltis

increased the permeable nature of the catchment from

0% to 25% and its effect was to reduce the storm water

runoff  by 33%.

Based on prototype measurements, van de Ven and

Zuidena (48) chose the HilIeI and Gardner infiltration

model to sirnulate the infiltration through brick and

tiled surfaces laid on sand beds. Calculated
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infiltration depths ranging from 11 to 99mn were

predicted for time periods of between I to 12 hours.

Jacobsen and Harremoes (25) used an infiltration

formula based on formulae proposed by Green and Ampt

(14) and later by Mein and Larson (27). The model was

used to simulate a time series of rain and evaporation

data measured from a granite set and asphaltic

pavement constructed in Lyngby, Denmark. The runoff

volumes generated were in agreement with the recorded

volumes, see Table llb. Based upon the measured and

predicted runoff  volumes, runoff  coeff ic ients of 0.90,

0 .80 ,  0 .10 ,  and 0 .01  were  es t imated  fo r  roo fs ,

streets, semi-pervious and pervious areas, see

Tab le  l l c .

Simrlations were then run for a city and a residential

area using four alternative surface distributions. The

initial surface distributions for both areas are shown

in Table 1la. Additional surface distributions were:

Alternative 2 z aII streets (impervious surfaces minus

roofs) assumed to be semi-pervious surfaces, aII other

surfaces as for Tables 1ld,e.

Alternative 3 : all roofs are assumed to be drained to

an infiltration system, all other surfaces as for

Table l ld ,e.

Alternative 4 : all streets are assumed to be

semi-pervious surfaces and all roofs are assumed to

drain to an infiltration system, aII other surfaces as

T a b l e  1 l d , e .

For both the city and the residential area the change

of the pavement from impervious to semi-pervious or, a

change of the drainage system for the storm water

collected from the roofs into an infiltration system,
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leads to a reduction in runoff volume of abqut 30-60%.

Ttre effect of a combined change is more pronounced

leading to a runoff reduction of 90%, see Table

1 l . d , e .

11. ADVA}EAGES A}ID

DISADVAI\ITAGES OF

PERMEABLE PAVEMENT

Advantages

Day et al  (6),  Field et aI  (10),  Hogland and Spangberg

(20),  Pratt  et  a1 (35),  Scherocman (40),  and Thelen et

al (46) all consider the most important benefits from

permeable pavements to be:

- attenuation of the runoff rate and volume.

- enhancement of water quality in areas where the

runoff generated from impervious areas has the

potential for becoming contaminated.

with additionally :

- improved erosion control.

- reduction or abatement in the need for curbs and

storm sewer installation or expansion.

- retention of natural vegetation and drainage

patterns.

- reduction or elimination of the nuisance factor to

pedestrian and motorist from standing puddles and

temporary storage in carparks and streets.

- increase in the amount of groundwater recharge to

local aquifers in water defficient areas.

- improved road safety due to higher friction

coefficient, because of reduced hydroplaning and

improved visibility.
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Smith (42), and Thelen, (46) also identified the

following benefits :

-  aesthet ic reasons.
- temperature control by use of coloured surfaces.
- di.rectional control of traffic by use of coloured

surfaces.

Disadvantages

Porous pavements are considered to have few

d isbenef i t s .  F ie ld  e t  a l  (10) ,  Hog land e t  a l  (19)

considered the main concern to be :

- suseeptibility to clogging

Other concerns related to:

- spillage of petrol from vehicles parked on porous

pavement car parks constructed from porous asphalt

will break down the asphalt binder

- asphaltic porous pavements could lead to more

subsurface pollution due to the i-nability of the

porous pavement and underlying soils to filter and

purify contaminants in runoff.

Additionally Scherocman (40) considered disadvantages

to include

- necessity for sandy subgrade soil with high

permeability.

- passage of water through pavement to soil lreakens

the subgrade.

- porous or open graded asphalt is not as strong as a

dense graded mixture
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TABLE 1 :

Date

02/09/79

06/09/79

L3/0s/80

L7 /05/80

3L/0s/80

oL/06/80

L5/06/80

L9/06/80

26/06/80

28/06/80

02/07 /80

L5/07 /80

L7 /O7 /80

20/07 /80

22/07 /80

27 /07 /80

29/07 /80

02/08/80

05/08/80

L5/08/80

Rainfall (inlhr)

Porous pavement peak runoff

Treatment Plant, Rochester,

rate for Gates-Chile-Ogden Sewage

New York (Murphy et aI, 1981)

Pavement runoff (cusecs)

Total (in)

0 . 6 9

0 . 4 8

o .37

0 .59

0 .  41

0 .49

0 .  15

0 .99

0 .  30

0 .53

o .20

0 .  11

0 .40

0 .07

1 .00

o .25

0 .09

0 .21

0 .60

0 .  89

Peak (inlhr)

3 .00

0 .11

0 .30

o .24

1 .60

1 .08

1 .20

4 .  50

L ,20

0 .60

0 .60

0 .40

1 .54

r .20
1 .39

L ,2B

0 .96

2 .60

2 .20

1 .48

Impervious

0 .  4  100

0 .0200

0 .0089

0 .1400

0 .  4970

0 .8800

0 .0046

0 .  2030

0.2260

0 .1020

0 .0880

0 .  0700

o .4970

0 .0030

0 .4970

o.2260

0 .0410

0.  2800

o.2420

0 .4970

Porous

0 .0440

0 .0100

0 .0048

0 .0900

0.  4000

0.  4000

0 .0006

0 .0280

0 .0610

0

0 .0320

0

0 .3800

0

0 .4970

0 .0250

0

0 .2300

0 .  1200

0 .9500



TABLE 2 : Controlling effect of Stormwater InfiLtration Faclllty on Surface

Runoff, Tokyo (Minlgawa, 1990)

Name of housing complex

Akishima Tsuiido Kohoku MI

Rainfal l  amount (rrn) 69.30 35.32 75.18

Average rainfall

intensi ty (rrnlhr)  4.47 3.80 3.00

Irnpervious area

Runoff  (nrn) 37.59 23.03 67.66

Runof f  Coef f i c ien t  0 .52  0 .66  0 .90

Infiltration area

Runof f  (mn)  5 .48  I .22  0 .00

Runof f  Coef f i c ien t  0 .054 0 .031 0 .000

T ime lag  (h rs )  8 .9  3 .5



TABLE 3 : Runoff coefflcients for Grasscrete Porous Pavements. (Day, 1978)

Percentage of open Rainfall Moderate soil

bottom area

(min) Surface slope (%)

2 4 7

30  0 .o2  0  0 .02

60  0 .13  0 .15  0 .18

90  0 .23  0 .25  0 .28

L20  0 .29  0 .31  0 .35

30

Hydraulic conductivity (inlhr)

Rainfall intensity (inlhr)

1 . 6 6

4. l s



TAELE 4 :

Date

0I /07 /8L

L3/07 /8L

2L /07  /8L

27 /07 /8L

28/07 /8L

03/08/8L

os/08/8t

07 /08/8L

oL/09/8L

02/09/81

03/09/8L

Stornwater runoff

(Snith, 1984)

Rainfall

Total Volume

on grid

1ot

cm

4 .06  111 .13

3 .30  92 .04

0 .41  LL .42

0 .81  22 .73

0 .  13  3  . 77

0 .10  2 .97

1 .70  47  . 70

0 .41  tL .42

1 .93  53  . 09

0 .69  19 .11

1 .68  46 .72

Runoff

coefficient

Grid Asphalt

(  l )

Peak Flow

Grid Asphalt

(  1 )

l i t res/sec.

9  . 2  60 .8

2 I . 8  223 .6

0  3 .1

0 .1  7 .5

0  3 .8

0  1 .5

2 .8  19 .5

1 .1  14 .1

L2 .7  2L .5

a 28,9

20.9 24.4

conparisonE of a grid and an asphalt 1ot.

Runoff

volume

from

grid

lot

cu .m.

10 .78

18 .34

0

0 .69

0

0

5  . 84

0 .76

13  . 50

0

16 .31

0 .  l 0

0 .20

0

0 .03

0

0

0 .  t 3

0 .08

0 .25

0

0 .35

1 .00

1 .00

1 .00

1 .00

1 .00

1 .00

1 .00

1 .00  . .

I . 00

1 .00

1 .00

(1) Values based on computational simulation

total and rainfall volume from grid lot.

of asphalt lot usi.ng rainfall



TABTE 5 : Conparj.son of constLtuent coneentrations for Porous and

Gonventional pavements (Goforth et aI, 1983)

Constituent Pavement tSpe Average

Concentration

(mgl1)

Event

I

389

29 , I

39 .7

2

134

L7  . 4

5L .7

3

44.  r
30 .4

29 .2

44 ,4

4.7  r
2 . O 9

3 .53

1 .79

0 .013

0 .011

0 .  054

0 .008

Flow

weighted

average

(mel1)

L75

24 .5

43 .0

24 .2

33 .4

30 .  0

2 . 9 6

L . 7 9

2 .  B B

2 .24

r .57
L . 2 7

0.  014

0 .  012

0 .012

0 .031

0 .020

0 .012

Total suspended

solids

Chemical o:<ygen

demand

Total Nitrogen

Total Kjeldhal

Nitrogen

Lead

Porous asphalt

Latt ice bloek

Conventional

asphalt

Porous asphalt

Lattice block

Conventional

asphalt

Porous asphalt

Lattice block

Conventional

asphalt

Porous asphalt

Lattice block

Conventional

asphalt

Porous asphalt

Lattice block

Conventional

asphalt

Porous asphalt

Lattice block

Conventional

asphalt

31 .3

25 .L

19  .9

r .82

1 . 4 8

0 .93

L.2s
0 . 8 7

0 .024

0 .009

0 .009

0.020

o.426

0 .007

15 .6

33 .5

57  .O

2 ,22

2 .30

2 .  BB

1 .46

1 .70

2 .33

0 .007

0 .  015

0 .020

0.018

o.022

0 .026

Zinc



TABTE 6 : Cornparieon of, constituent concentratlons for Porous and

Conventlonal pavenents (Balades and Chantre, f990)

Constituent Pavement type

Chenical o:(ygen

demand

Suspended matter

Lead

Porous asphalt

Conventional asphalt

Porous asphalt

Conventional asphalt

Porous asphalt

Conventional asphalt

Concentration

gn/yt/I0oO cu.m.

r4695

L23903

61616

L2L353

5 . 6

7 6 . 3



TABLE 7 I Pollutant concentratj.on j.n the drainage water during the snownelt
test. (Hog1and et aI, 1990)

Physlcal and chemical properties of snow and drain-water

pH

Conductivtty (us/cm)

PoLlutant (mg/I)

Suspended sollds

Tota1 soLids

Fixed sol.idE

Chlorlde

Total Phosphorus

KJeldhal Nitrogen

NH -N
4

NO -N
3

NO -N
2

Cu

Cr

A1

Zn

Pb

cd

Snow

7 ,5

55

805

816

773

L4

0 .  t 4

0 .43

0 ,23

0 .  14

0

0 .38

4 ,47

18 .00

0 .58

0 .04

0 .03

Drain-water

7 ,5 .

361

38

216

219

L7

0.04

0 .50

0 .35

2 ,39

0 .02

0 ,22

0 ,02

2 ,39

0 .22

0 ,02

0 .04



TABTE 8 I Pollutant concentrations in runoff from Grasscrete and Concrete

elab.  (Day et  a I ,  1981)

Pollutant (mgll) Grasscrete Concrete slab

samples)( f i l tered

Total PO -P

4

Ortho P0 -P

4

Organic PO -P

4

N O + N O - N

32

NH -N

3

Organic N

Total Organic Carbon

Pb

Zn

Cr

o,47

o .24

0 .  19

1 . 8 4

r .6 l

3 .  83

19 .49

0 .061

0 .  194

0 .054

0 .51

0 .  18

o.23

o .72

1 .03

2 . L O

7 .22

0 .  184

o':zsz

0 .  071



TABLE 9 t Runoff si.rnulation for porous asphalt 1ot. (Gofor th et  a I ,  1983)

Calibration

Storm 22/3/82

Observed

SfunuIated

Deviation

Verification

Storm L/6/82

Observed

Sirnulated

Deviation

Peak

flow

(c fs )

o.269

o .273
+0.004

o .237

0 .  514
+0. 283

Time to

peak

(min)

Runoff

volume

( c u .  f t .  )

815

815

0

72t

1409

+688

Detention

time

(min)

42

28
-14

42

25
-L7

58

50
-B

53

55

+2



TABLE 10 : Runof,f sfunulatl.on for Iatt ice block lot. (Goforth et aL, 1983)

Calibration

Storm 2/3/82

Observed

Simulated

Deviation

Verification

Storm LL/3/82

Observed

Simulated

Deviation

Verification

Storm L8/3/82

Observed

Simulated

Deviation

Peak

flow

( c f s )

0 .034

0 .052

+0 .018

0 .078

0 .063
-0 .015

0 .  113

0 .185

+0 .o72

Time to

peak

(min)

55

75

+2O

40

30
-10

24

35
+11

Runoff

volume

( c u .  f t .  )

L29

281

+I52

Detention

time

(nin)

101

96
-5

11

18

+7

20t

184
-L7

L2

6

-6

t t

4
-7



TABLE 11 : Runoff volumes, runoff coefficients and surface
and Harremoes, 1981)

a) Surface distribution

Type of area Impervious (%) Semi-pervious

City
Residential

b) Runoff volume
with computed
catchrnent.

Period of data
col lect ion

TotaI
rainfall
depth
recorded

(rrn)

256

Roof

Runoff  coeff ic ient 0.90

d) Total runoff volume per unit

Alternative No. Impervious
Roof Street

I  1 3  . 5  3 2 . 0
2  L 3 . 5  4 . O
3  0 . 0  3 2 . 0
4  0 . 0  4 . 0

e) Total runoff volune per unit

Alternative No. Inpervious
Roof Street

I  1 3 . 5  8 . 0
2  L 3 . 5  1 . 0
3  0 . 0  8 . 0
4  0 . 0  1 . 0

recorded from semi-pervious catchment compared
volumes for semi-pervious and impervious

types. (Jacobsen

Pervious

(%)

25
70

Total runoff
computed

Paving stones Asphalt

(mn)

24 208

and pervious

Pervious

Roof

l5
l5

Street

40
IO

(%)

20
5

Total
runoff
recorded

(mn)

2B27/7/78 to
t8/ L2/78

c) Runoff coefficients for impervious, semi-pervious
surfaces.

[4pe of surface Impervious
Street

0 .  B0

Semi-pervious

0 .  10 0 .01

area for a city area

Semi-pervious Pervj-ous Total

z.o
2 .O
2 .O
2 .O

0 .3
0 .3
0 .3
0 .3

48
2A
34
6

area from a residential district

Semi-pervious

0 .5
0 .5
0 .5
0 .5

Pervious Total

0 .7  23
0 .7  16
4 .7  9
o .7  2
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Fig 1 Porous ashphalt pavement section (Diniz, 1980)
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Fig2 Concrete grid paving blocks (Day et al, 1981)
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Fig 3 Porous block pavement section (Pratt and Mantle, 1989)
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Fig 4 The Unit Superstructure (Hogland et al, 1987)
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Fig 6 Concrete block paving section (Clark, 1979)
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FigT Drainage infiltration strata dynamics (ltchikawa and Harada, 1990)
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(Tamai et al, 1987)
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APPENDIX 1

Proprietary permeable pavement
available in the United

block systems
Kingdom.
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